Searching for genetic determinants of human longevity has been challenged by the rarity of data sets with large numbers of individuals who have reached extreme old age, inconsistent definitions of the phenotype, and the difficulty of defining appropriate controls. Meta-analysis -a statistical method to summarize results from different studies -has become a common tool in genetic epidemiology to accrue large sample sizes for powerful genetic association studies. In conducting a meta-analysis of studies of human longevity however, particular attention must be made to the definition of cases and controls (including their health status) and on the effect of possible confounders such as sex and ethnicity upon the genetic effect to be estimated. We will show examples of how a meta-analysis can inflate the false negative rates of genetic association studies or it can bias estimates of the association between a genetic variant and extreme longevity
Introduction
The hunt for genetic and non-genetic factors that promote human longevity continues to fascinate and engage aging-researchers. While substantial progress has been made in the epidemiology of extreme human longevity, particularly regarding evidence supporting Fries's "compression of morbidity" hypothesis in oldest centenarians [1] [2] [3] [4] , the discovery of genetic factors that promote longevity and extreme longevity has been challenged by the rarity of the phenotype, the need for large samples to reach an extreme level of statistical significance in genome-wide association studies and also, in the case of association studies, the lack of clarity in the definition of both cases and controls. These challenges are related and often work against each other. For example, we have shown that the heritability of longevity expressed as sibling relative risk increases with more and more extreme definitions of longevity [5] , and while using an extreme definition of longevity should result in a more heritable phenotype, accruing a sufficiently large sample of very old individuals is very difficult. It has taken the New England Centenarian Study more than 20 years to accrue almost 200 supercentenarians, those who have survived to age 110 years and older [6] .
In order to boost their statistical power, some studies relax their definition of longevity [7] , or the definition of controls, and more recently meta-analysis has emerged as a way to increase statistical power by aggregating results from many smaller studies. While the method of meta-analysis has many important properties and can be useful to increase evidence in support of or against a hypothesis, it can often produce misleading results. Here we discuss some of the major challenges of meta-analysis of longevity studies.
Meta-analyses of Genome-Wide Association Studies of Longevity

Definition of Genetic Effect
Genetic association studies of longevity typically use a case-control study design, in which cases are individuals who have reached some defined old age and controls are often a random sample from the population with the assumption that the phenotype is so rare, it is assumed demographically unlikely that the control will eventually survive to the age of interest. The genetic effect of an allele g that can be estimated with data collected using this study design is the odds ratio for extreme longevity, comparing carriers and non-carriers of the g allele. This odds ratio (OR) is defined as (1) where EL denotes "extreme longevity", p (EL | g) is the probability of achieving extreme longevity in carriers of the g allele, and p (EL | ḡ) is the probability of achieving extreme longevity in non-carriers of the g allele. This odds ratio is equivalent to (2) where p (g | EL) is the prevalence of the g allele in cases, AL denotes "average longevity", and p (g | AL) is the prevalence of the g allele in controls. The parameter θ in Equation (2) is "exposure-odds" that is the estimable quantity in a case-control study design and it can be converted into the parameter of interest in Equation (1), i.e. the "disease odds", or in this case, "EL odds" by using Bayes' theorem [8] .
Many factors can affect the magnitude and statistical significance of the genetic effect θ, particularly definitions of the case (EL), of the control (AL), genetic confounders such as ethnicity that may affect the prevalence of the g allele in cases and controls, and of course the sample size. Regarding controls, they should ideally be matched by birth year to avoid unmeasurable confounding due to secular effects. However, even the longest running longitudinal studies have not been able to adhere to such an inclusion criterion for controls. Thus, most studies settle for controls who have not reached a certain age. As discussed later, this definition can also be problematic.
Meta-analysis of results from different studies has become a standard procedure in genetic association studies to remedy the limited sample sizes of individual studies. The underlying assumption of this approach is that "more is always better" and aggregating results from different studies will strengthen the results and increase the statistical significance of the true positive associations. Using real data, we show however that this approach can lead to more false negatives, not fewer.
Meta-Analysis: Non-ignorable Assumptions
A meta-analysis is a statistical method to summarize results from different studies that has become extremely common in genetic epidemiology [9] . A meta-analysis of genetic effects estimated through case-control studies will typically receive as input the estimated odds ratios and standard errors from each study and aggregate the results using some form of weighted average (fixed-effects meta-analysis). Weights defined as the inverse of the standard errors are used in the "inverse-variance weighting" method of meta-analysis that appears to be the most common approach in genetic epidemiology [9] . An alternative weighting system is used in Mantel Haenszel (MH) meta-analysis that results in a more robust estimate and standard error when some of the studies are small [10] or when the genetic variant is rare. The key assumption underlying a fixed-effects meta-analysis is that the different studies estimate the same population parameter and differences in the studyspecific effect sizes are the result of sampling variability [11] . Heterogeneity among studies can be accounted for by using a random-effects meta-analysis, which essentially assumes a hierarchical model to describe the within-study variability and the variability between effects estimated from different studies. Although a random-effects meta-analysis accommodates more variability, it still makes the assumption that there is a well-defined "population parameter" (odds ratio) to be estimated. If heterogeneity of the studies originates from study-specific genetic effects then a meta-analysis can be inconclusive or produce misleading results.
Published Meta-Analyses of Genome-Wide Association Studies of Longevity
A comprehensive review by Broer and van Duijn [12] lists just 5 genome wide association studies of longevity [13] [14] [15] [16] [17] , and one of extreme longevity [18] published up to 2012. The article by Newman et al. [13] reported a meta-analysis of 4 genome-wide association studies from the Cohorts for Heart and Aging Research in Genomic Epidemiology (CHARGE) Consortium. The meta-analysis included 1,836 individuals who survived to age 90 and older (cases) and 1,955 individuals who died at ages between 50 and 80 years (controls). Despite what was a large sample size for a study of longevity, this meta-analysis did not identify any genome-wide significant associations, not even for variants in the well replicated APOE locus on chromosome 19 that has achieved genome-wide significance levels with much smaller studies of centenarians [18] . Additional meta-analyses that expanded upon findings from the CHARGE consortium were reported by Deelen et al. [19] and Broer et al. [20] . The meta-analysis in [19] included 14 different studies and increased the overall sample size of the discovery cohort to 7,729 long lived individuals and 16,121 controls. However, the large sample size was reached by using a "relaxed definition" of longevity as survival to age 85 and older, and only SNPs in the APOE locus reached genome-wide significance in the discovery cohort. The meta-analysis in [20] used data from new studies that joined the CHARGE consortium to synthesize the results of genome-wide association studies of longevity defined as surviving beyond age 90. This analysis also identified only SNPs in the APOE locus with genome-wide significance.
The lack of novel genetic findings linked to human longevity from these meta-analyses has been exclaimed as evidence of a weak genetic contribution to the phenotype of extreme human longevity and has fed the myth, based upon twin studies of survival to the mid octogenarian years, that the heritability of survival to extreme old age is approximately 25% [6, 20, 21] . However, increasing the sample size through a meta-analysis does not necessarily increase the statistical power if including a large number of heterogeneous studies decreases the signal to noise ratio. We argue that an inconsistent definition of the phenotype across studies is a possible source of heterogeneity of the study-specific effects that may reduce the usefulness of a meta-analysis. In fact, we and others have shown that the sibling relative risk of extreme longevity defined as living beyond a threshold age increases as the threshold age increases [5, 22, 23] , and we have advocated for more standard definitions of extreme longevity by choosing the threshold age based, for example, on percentile survival from some standard life tables. A consistent and specific definition of extreme longevity should result in a definition of cases that is more comparable across studies of longevity conducted in different time periods and different countries. In fact, a focused meta-analysis of 4 studies of centenarians reported in [24] showed replication of a large number of the longevity variants in [18] when the studies used a consistent and select enough definition of longevity. Similarly, in a recent meta-analysis of 4 genome-wide association studies with more than 6,000 controls and of 2,086 very old individuals (age range 95-119), in which extreme longevity was defined as surviving to or beyond the oldest 1% of individuals from the 1900 birth year cohort, we identified 37 SNPs in chromosomes 7, 12, and 19 that reached genome wide significance (p < 5E-8) ( [25] , under review).
While the consequence of loss of statistical power increases the false negative rate of the meta-analysis, more critical to the field of longevity have been applications of meta-analysis that produce misleading results. We will show two important examples with findings related to FOXO3A and APOE.
A Suboptimal Use of Meta-Analysis: FOXO3A and Longevity
Broer et al. [20] conducted a large meta-analysis of 19 studies that investigated the association between the single nucleotide polymorphism (SNP) rs2802292 in FOXO3A and human longevity, defined as age at death ≥90 years. This SNP was previously shown to be strongly associated with human longevity in male nonagenarians and centenarians of Japanese ancestry [26] . Studies characterized by participants of different ethnicities (Asian and Caucasians), and with various definitions of extreme longevity were included in the meta-analysis and the results were summarized in Table 6 of the online supplement material of the article [20] (http://biomedgerontology.oxfordjournals.org/content/suppl/2014/08/11/ glu166.DC1).
We reanalyzed the data, focusing only on studies of white ethnicity, and among those studies we selected only those in which we could compute the mean age of cases and of controls, and could confirm the data. For example, data reported as "2011_Nebel" in supplement Table 6 were removed because the reference [15] did not report data on FOXO3A. Similarly, several other contributing studies were ignored if the mean age of cases was not reported. The results of the inverse-variance weighting meta-analysis of odds ratios are displayed in the forest plot in Figure 1 and are sorted by the mean age of cases, from the youngest to the oldest. The sorted plot highlights the effect of the definition of the phenotype of longevity on the odds ratios estimated in the different studies and shows that the genetic effect of the SNP decreases as cases become older and older. Participants in the study of long lived individuals in [27] were among the youngest, with an average age of death of 95 years in cases, and the odds ratio for extreme longevity in carriers of one copy of the minor allele was 1.57 compared to carriers of 0 copy of this allele. Participants in the study by Bae et al. [28] were among the oldest with an average age at death of 104 years and an odds ratio for extreme longevity of 1.13. The meta-analysis estimated an odds ratio for longevity for carriers of one copy of the minor allele of 1.17. While the meta-analysis does not lead to incorrect conclusions -all studies point to an association between this SNP and human longevity -it masks the important observation that the genetic effect of this variant appears to decrease as we look at more and more extreme definitions of longevity.
This decreasing effect of FOXO3A alleles on the odds for extreme longevity had been noted already in [29] who conjectured that FOXO3A alleles may be associated with longevity but not extreme longevity at least in white males. Note also the different sex composition of the various studies, and the fact that larger genetic effects are present in male-only studies, who tend to have a larger number of nonagenarians. The work by Anselmi et al. [27] and Soerensen et al. [29] included results stratified by sex and showed significant association between rs2802292 and human longevity only in males. Only the results significant in males from these two articles were included in the meta-analysis by Broer et al. [20] . The study of Wilcox et al. that discovered the association of rs2802292 and human longevity was conducted in male nonagenarians [26] , and based on these results it is possible that FOXO3A alleles promote survival to the nonagenarian years more pronouncedly only in males. Alternatively, it may be possible that health status drives the genetic effect. For example, Soerensen et al. [30] showed that several FOXO3A SNPs are associated with varying risk for aging-related phenotypes and Willcox et al. provided strong evidence that rs2802292 is associated with a 26% reduced risk for coronary artery disease [31, 32] . Metaanalyses that aggregated results from different studies ignoring interactions with sex or other factors like health status have not helped to characterize the role of FOXO3A and human longevity. Somehow the important finding that the genetic effect of some FOXO3A allele may be important only in males or that FOXO3A alleles may be more relevant to aging rather than extreme longevity has been lost in the recent literature dominated by metaanalyses.
False Negatives and Meta-Analysis: the APOE ε 2 Allele and Extreme Longevity
Apolipoprotein E (APOE) has been one of the most studied genes in longevity since Schacter et al. showed that French centenarians deplete the ε 4 allele that promotes early mortality due to Alzheimer's and cardiovascular diseases and they also have an increased frequency of the APOE ε 2 allele [33] . Three well characterized alleles of APOE are defined by the SNPs rs7412 and rs429358, as shown in Figure 2 , and a comprehensive overview of genetic association studies targeting APOE and longevity is provided in the online resource "Human ageing and genomic resources" (http://genomics.senescence.info/longevity/ gene.php?id=APOE) supported by the Welcome Trust.
With the advances of SNP microarray technology that typically does not include assays for the SNPs rs7412 and rs429358, genetic studies have used SNPs in the APOE locus to investigate the association between variants of this gene and longevity. Several studies have shown an association, for example, between rs2075650 (a SNP within approximately 16KB from rs7412) and a variety of aging-related diseases as well as longevity. On 9/11/2016, Pubmed listed 89 publications that referred to rs2075650, 6 of which mentioned longevity. One of these articles linked the SNP rs2075650 to the ε 4 allele of APOE [34] . While there is no doubt that the ε 4 allele of APOE increases risk for Alzheimer's disease and other agingrelated diseases, the evidence about the role of the ε 2 allele in longevity has been much less clear. This allele is rare and collecting sufficiently large samples for powerful enough genetic association studies has been challenging. In addition, the prevalence of the 3 alleles vary by ethnicity [35] , and by age group because carriers of the ε 4 allele are at high risk for premature mortality and consequently the frequency of this allele tends to decrease with older and older age, so that the frequencies of the ε 2 and ε 3 alleles in older age groups will be larger than the frequencies in younger age groups. Several underpowered studies have produced results suggesting a negative association between the ε 2 allele and longevity in Danish and Finnish centenarians [36, 37] , a neutral association in Chinese, Korean and Finnish centenarians [38] [39] [40] , and a positive association in Japanese, French, Spanish, northern and southern Italians centenarians, and Greek nonagenarians [33, [41] [42] [43] [44] .
Some of these results were recently pooled in a meta-analysis of odds ratios for longevity comparing homozygosity for the ε 2 allele relative to homozygosity for the ε 3 allele. This meta-analysis reached the conclusion of no significant association between homozygosity for the ε 2 allele and human longevity (odds ratio for longevity in carriers of the ε 2 ε 2 genotype versus ε 3 ε 3 genotype was 1.65, with 95% confidence interval 0.75, 3.64) [45] . We re-analyzed the data from 8 of the 9 studies after removal of the results cited as reference [46] , in which we could not identify relevant odds ratios in the cited publication, and we included some studies that had been omitted, to increase the representation of European ethnicities [39, 40, 43] . To strengthen results for Finnish ethnicity, we also included additional control sets [47, 48] . All included studies reported the counts for the genotypes ε 2 ε 2 and ε 3 ε 3 ( Table 1 ) so we used MH meta-analysis that is more appropriate when some of the studies have small counts. We also separated the data included in Garatachea et al. [41] by ethnicity. Panel A in Figure 3 shows the results of the meta-analysis of the 12 studies that included different racial and ethnic groups and reached a non-significant association: the odds ratio for longevity comparing ε 2 ε 2 and ε 3 ε 3 was 1.37, with a 95% confidence interval 0.78, 2.42. When we examined the association in whites (Panel B, Figure 3 ) the metaanalysis did not provide evidence against the null hypothesis, although the strength of the association increased (OR=1.53, 95% confidence interval 0.82, 2.96). Since some of the studies were of small sample size, they reported 0 counts for the genotype ε 2 ε 2 in cases and/or control (see Table 1 ). It is common practice in this case to add a continuity correction 0.5 to the 0 cells, but this correction may produce unreliable results particularly in small studies. Therefore we removed the studies with 0 counts for the genotype ε 2 ε 2 in cases and/or control, and did not use the continuity correction. Panel C of Figure 3 shows the meta-analysis for all informative studies including Europeans and Asians, while panel D shows the meta-analysis in Europeans. The genetic effect estimated through the MH metaanalysis in panel C increased after removal of non-informative studies but failed to reach statistical significance (OR=1.72, 95% confidence interval 0.79, 3.71). The focused metaanalysis in panel D that included only informative studies of white ethnicity produced a borderline statistically significant result (OR=2.39, 95% confidence interval 0.99, 5.76). Although the results are based on 14 ε 2 ε 2 cases and 16 ε 2 ε 2 controls, the meta-analysis in panel D points to a positive association between ε 2 ε 2 and longevity with effects that become stronger in south Europeans. The variation by ethnicity could indicate gene x environment interaction or gene x gene interaction effects that were not highlighted by the meta-analysis of many studies with a variety of ethnic and racial groups.
Publication Bias
The analysis of the association between the ε 2 allele of APOE and longevity shows indirectly another problem of meta-analysis due to publication bias. Since it is difficult to publish negative results, some genetic effects estimated through meta-analyses may be inflated because the results of non-significant associations are not easily available. This well-known problem of meta-analysis has received substantial attention in the field of clinical trials [49] and genetic association studies [50] . While the current trend of publishing meta-analyses of full genome-wide association studies will reduce the impact of publication bias, some care is needed with interpretation of meta-analyses of candidate-gene association studies.
The Challenge of Controls Selection
The examples of FOXO3A and APOE focused on the definition of cases and the appropriateness of including data from studies with different definitions of longevity and different ethnicities in a meta-analysis. An additional challenge to genetic association studies of longevity that also affects a meta-analysis is the definition of controls. Defining human longevity as living past a certain "threshold age" does not provide an "automatic" definition of controls and, for example, Figure 4 suggests that controls could be individuals who died before reaching the threshold age, or individuals who died before reaching the threshold age decreased by an additional threshold. For example, the studies included in the meta-analysis in Newman et al. [13] used a definition of controls as individuals who survived to an age older than 50 years but not older than 80 years, while the threshold age to define cases was set at 90 years. Increasing the gap between the age threshold used to define cases and controls should intuitively lead to larger odds ratios and increase the power of a study. However, the odds ratios that can be estimated with this approach may represent a genetic effect that differs from what one wishes to estimate.
Using some algebra (see appendix) one can show that if we define a case of extreme longevity based on the threshold model as EL = "S ≥ τ" where S denotes age at death and τ is the threshold age, and controls are defined as AL = "S < τ − δ" where δ denotes the quantity subtracted to the threshold age, then the odds ratio that can be estimated from this case-control study is: (3) which can be interpreted as the odds for survival past age τ − δ in carriers of the g allele versus non carriers (this is the quantity OR(S ≥ τ − δ)), and the relative risk of surviving an additional δ years, conditionally on having survived to age τ − δ, for carriers of the g alleles versus non carriers (this is the quantity RR(S ≥ τ|S ≥ τ − δ)). If δ>0, the odds ratio that is estimated through the case control study may no longer be the parameter of interest because one can identify alleles that increase the quantity OR(S ≥ τ − δ) by increasing risk for early mortality for example, or one can identify alleles that increase the quantity RR(S ≥ τ|S ≥ τ − δ)).
By setting δ=0 then the quantity in Equation (3) is the odds ratio of survival past the age threshold, comparing carriers of the g-allele to non-carriers of the g-allele. In practice, this parameter can be estimated through a case-control study in which controls are a sample from the populations of individuals who died before reaching the threshold age. In our case-control studies of extreme human longevity with cases defined as centenarians [18, 24] , we have used random samples of controls without imposing an age threshold arguing that the prevalence of eventual centenarians in our control set had to be small because of the rarity of the phenotype. As the age threshold decreases in more relaxed definitions of longevity, the limit on the age of death of controls should be enforced more strictly to avoid too much overlapping between cases and controls, but large gaps between cases and controls should be avoided to ensure that the genetic effects estimated from the data are interpretable.
Looking Ahead
Meta-analysis of genetic studies of longevity has become a standard approach to overcome the limitation of small sample size of studies of extreme longevity. However, the goal to increase sample size has been accomplished at the cost of aggregating results from studies with different characteristics of cases and controls that can lead to misleading conclusions. In addition, one must remember the limitations of a meta-analysis which by definition is an "adjusted" analysis that ignores interaction between genes and other factors associated with specific studies, for example ethnicity and gender imbalance.
The examples that we discussed show that conclusions from inadequately conducted metaanalyses can result in a loss of power and increased false negative rates and bias. Although we focused our analyses on SNPs in APOE and FOXO3A, several published meta-analyses of additional longevity variants suffer of inconsistent definition of longevity, see for example [51, 52] . As technology progresses and more genetic data become available, we can foresee even more problematic use of meta-analysis. For example, in the hunt for rare genetic variants associated with human longevity, we foresee meta-analysis as potentially damaging in those situations in which the effect of rare variants in a small group of long lived individuals could be either undetected or even worse, incorrectly deemed as a false-positive result by a large consortium meta-analysis. Similarly, publication bias may lead to overestimate some genetic associations.
Our analyses of associations between FOXO3A and APOE alleles and longevity show the danger of aggregating results from different studies and we suggest the following actions:
1.
More attention should be paid to the definition of longevity across studies. Our suggestion to select an age threshold based on percentile survival based upon reference birth cohort tables could lead to more comparable association studies.
2.
More attention should be paid to the effect of sex and ethnicities. Meta-analyses of studies with different ethnicities and sex composition could lead to biased results, and increased the false negative rate. While it is common practice to ask for study specific results that are adjusted by sex and genome-wide principal components [20] , it would be useful to develop methods of meta-analysis that take into account the specific ethnic composition of different studies to assess how genetic effect change with different genetic backgrounds.
3.
A final important point is the definition of controls. A random sample of individuals from the population may be a better choice of controls for studies of extreme human longevity than individuals who died before reaching a certain age. Demographers project an increase in the prevalence of centenarians due to a variety of non-genetic reasons [53] , and therefore it will be important to define the phenotype of extreme longevity using ages that are reached by a small percentage of the population [5] to limit overlapping with controls randomly selected from the population.
As any statistical method, meta-analysis can be a great tool when it is applied in the correct context, and hopefully this short manuscript will draw more attention to the need to verify some of the assumptions that must be valid for a meta-analysis to also be valid.
By using Bayes's theorem:
And By using the definition of case and controls:
And the factorization of the survival probability:
We derive Which can be interpreted as the odds for survival past age τ − δ in carriers of the g allele versus non carriers, and the relative risk of surviving an additional δ years, conditionally on having survived to age τ − δ, for carriers of the g alleles versus non carriers.
Highlights
• Genetic association studies of human longevity have been challenged by the rarity of the phenotype and the need of large sample sizes to have extreme statistical power
• Following the principle that "more is always better", meta-analysis has become a popular method to aggregate results from individual studies and increase sample sizes.
• We show that meta-analysis risk to overlook between studies differences and may inflate the false negative rate of genetic associations Meta-analysis of associations of rs2802292 and human longevity in 6 different studies. SNP rs2802290 was used as a proxy for rs2802292 (r2=1) in [54] . CEPH* denotes the French cohort included in [54] , and SNP rs768023 was used as proxy for rs2802292. LLI: longlived individuals; OR: odds ratio for longevity for carriers of the longevity allele (G) of rs2802292 versus non-carriers. Definition of ε 2 , ε 3 , and ε 4 alleles of APOE based on the alleles of the SNPs rs7412 and rs429358. The ε 1 allele is considered lost in the population, so that the pairs of genotype TT for rs7412 and TC or CC for rs429358, or TC for rs7412 and CC for rs429358 should not occur. Assuming that the haplotype TC corresponding to the ε 1 allele is lost, then the genotypes TC of rs7412 and TC of rs429358 can only be phased as the haplotype pair ε 2 ε 4 . A) Meta-analysis of odds ratio (OR) for longevity comparing carriers of the ε 2 ε 2 genotypes versus carriers of the ε 3 ε 3 genotypes in 12 studies of longevity. Numbers in parenthesis denote the size of cases and controls. B) Meta-analysis in panel A) is restricted to studies of white ethnicity. C) Meta-analysis in panel A is restricted to informative studies with at least one count of the ε 2 ε 2 genotype in cases and controls, and continuity correction was not Ambiguity in definition of controls for studies of human longevity. Cases are defined based upon survival to an age threshold τ. Should controls be "non-cases", and hence individuals who died before reaching the age threshold? Or should controls be individuals who died at a much younger age based on an additional threshold?
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